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HIGH-SPEED OIL ENGINES FOR VEHICLES.

By Ludwig Hausfelder.

PART II.*

- Further progress toward the satisfactory solution of the
difficult problemrdf the distribution and atomization of the
injected fuel was made by extensive experimentation with vari-

ous fuel valves, nozzles and atomizing devices.  Valuable in-

formation was also obtained through numerous experimental re-

searches on the combustion of 0ils and the manner of introduc-
ing the combustion air into the cylinder, as well as on the
rhysical processeé of atomization, the determination of the
size of the drops, etc. These researches led to the conclusion
that it is possible, even without préducing great turbulence

in the combustion chamber and at a moderate pump pressure, if
the degree of afomization and the penetrative power of the

fuel jet are adapted to the shape of the combustion chamber
and to the dimensions of the cylinder ("Zeitschrift des Ver-

N ‘, N N
eins deutscher Ingenieure," 1935, p.12361). Ih order to pre-

'Tv“vent the fuel gets from strlklng against the 01ston and cylin-

PN AL O ey e

der walls, the Deutz and the Augsburg engine companies both

employed concave piston»heads‘and so regulated the penetrative

*From "Der Motorwagen," of September 30, (pp. 649-654) and
December 10, (pp. 841-850), 1926.
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vower of the fuel jets by means of suitably shaped nozzles,

that the o0il drops were burned before reaching the piston head

(Fig. 11). 1In this way very good combustion was obtained at

moderate compression pressures, although accompanied, at the
piston dead centef, by a pressure increase approaching explo-
sion ahd by correspondingly high working stresses.

-The Krupp Diésel engine (Fig. 13) works at approximately
constant combustion pressure. In contrast with the above- |
mentioned engines, the combustion space is relatively flaf in
this engine. Not only is there no attempt to nrevent fhe jet
from striking the walls, but it is made to do so by elevating
the middle of the piston head so that the angle of incidence
of the fuel jets, which at first are nearly tangential to the
surface, gradually increases during the injection. The Krupp
Company based this method on the assumption that the conical

fuel jet is dispersed by striking the piston head and is thus

distributed throughout the combustion chamber in the form of

a fine mist. It is hard to say whether this assumption is cor-
rect. Fuel drops with a diameter of 30-30 M already have
such a surface tension that any further atomization would hardly

be effected by the nearly tangential contact. It is more rea-

... Sonable to assume that the central nortﬂon of the piston head

remains very hot ana tnerefore vaporlzes through the effeot
of heat.alone, the fuel drops which strike it at a lower veloc-

ity. The efficiency of this type of engine is largely due to
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giving the combustion air a circular motion, as already proposed

by Hesselman (N.A.C.A. Technical Memorandum No. 312). This

circular motion of the air around the cylinder axis is produced
by a directing surface at the intake valve. The circular mo-
tion produced by the intake wstroke confinues to the énd of the
compression stroke and even during combustion, as demonstrated
by experiments ("V.D.I. " 1935, p.673). It is worth noting in
this connection that the efficiency of the combustion bears a
quite definite relation to the velocity of the circulating air,
as demonstrated by Hintz in his lecture at the 1925 annual
meeting of the Association of German Engineers in Augsburg.

As regards stationary engines, the mechanical and ignition-
chamber injection methods have proved equally successful.
If the former method is more efficient with respect to economy
of fuel and varying load, the ignition-chamber engine is less
sensitive and easier to tend, on account of its lower pump
pressure and lower maximum combustion pressure.

We must now consider as to which of the two systems is
better adapted for high-speed vehicle engines. In this connec-
tion I wish to eliminate the anﬁular;whirl method as unsuitable

(at least as it has hitherto been used in so-called "displacer

_englnes”) due to the 1ow pressure and coarse atomization, “and

B = ]

because the 6851red change in the 1gn1t10n tlmlng 'is not possi-
ble under the variable operating conditions of vehicle engines.

On the other hand, a combination of the annular-whirl method
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and the mechanical-injsction method can be advantageously useéd,

~as.will be more fully explained farther on.

As for the ignition-chamber method, this has, first of all,
the exceptional advantage of enabling uniform functioning end
smooth transition from compression to ignition and expansion.

The low maximum pressures render it vossible to make the
driving varts relatively light.  Moreover, the ignition-chamber
method enables lower pump preséures and oorrespondingly 1arger
nozzle openings, a oiroumetanoe which is very valuable for the
reliability of an engine, on aocognt of the impurities in the
fuel, which are unevoidable even with the best filtering. On
the other hand, it is more difficult to regulete, due in part
to the fact that the walls of the igrition cﬁamber tend to be-
come coated with oil carbon, which absorbs a portion of the
fuel and causes after—oombustion{ The endeavor to diminish
the heat-conducting walls of the combustion chamber as much as
pracfioable leads to making the ignition chamber as small as
possible. This is accompanied by the disadvantage, however,
that it can be but poorly cleaned out and still contains com-
bustion residues after the chérging of the cylinder with air
whose small residue of oxygen is often insufficient to insure

ignition. TQlS aoolles however, only to englnes in which the

“a cvsmanmn

‘fuel coarsely atom1zed in the 1gn1tlon ohember is injected

through narrow channels into the comblUstion chamber by the




S

.N-A-C~A; Technical Memorandum No. 403

L L

R T R RS Py

93]

partial combustibn'with considerable excess pressure. Recently

a modlflcatlon has been 1ntroduced in the Dlesel envlnes of

"De La Vergne Englne Gompanv and of the Falk Gorboration by mak%,

ing relatively larger passages between the ignition chamber
and.combustion chaﬁber, so that there is no great pressure dif-
ference between the.two. These engines, which‘in general emn-
ploy the Price method of fuel injecfion (Fig. 13), are charac-
terized by the fact'that the combustion space, Whiéh is connect-
ed with the working cylinder by a widé round or rectangular
neck, is divided into two ohambéré, each with a fuel nozzle,
whose axes are inclined to the cylinder axis ("V.D.I., 6" 1925,

p:1084). The shape of these chambers (conical or rectangular)

“is adapted to the shape of the fuel jet (conical or fan-shaped).

The claim that a supplementary atomization is produced by the
impact of the two fuel jets can hardly be maintained, in view

of the great stability of very small drops. The success of

‘these engines is due rather to the good. adaptation of the fuel

jet to the combustion'chamber, as well as to the ai} turbulence
caused by this manner of consfruofion Of course the enlargh
ing of the connectlnv'oassave or neck n808981tates a finer atom-
ization in’ +he 1pn1t101 cnamber Instead of projecting unburned
0il drops 1nto the . combustion chamber to be 5urned there, by
in the ignition chamber. The air entering the combustion cham— ;J/

ber, under violent agitation vproduced by the constriction, progs’
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duces a rapid and complete vaporization of the fuel drops, as
well as a rapid propagation of the ignition waves and the in-
troduction of new portions of alr into the combustion zone.
The good experimental results; which were receﬂtly obtained
(according to an 4merican communication, the Banner engine of |
the Falk Corporation attained a mean pressure of 1586 1b./sq.in.),
have sufficiently demonstrated that the motion of the air which
propagates the combustion in the combustion chamber is, under
certain conditions, more important than to have very compact
combustion chambérs with small wall areas in contaot.with the
flames. As an analogous case, reference is here made to the
experiments of Riccardo (The Internal Combusition Engine, Vol.
II, p.88 ff.), who demonstrated that, even with expiosion en-—
gines having laterally located valves, i.e., with relatively
large heat-conducting wall areas, it is entirely possible to
obtain excellent combustion conditions by the favorable utiliz-
ation of the whirling motion of the gaseous mixture.

Although it is possible to build engines suitable for ve-
hicles on‘the ignition—-chamber principle, I nevertheless be-
lieve that in future the mechanical-injection method will be

‘preferred. As contrasted with the ignition-chamhler method,

- there 1is here only a single atomization and combustion process,

whereby the relations are clearer and easier 6 Gontrol. Here-
by, the same as in the stationary hollow-piston engines of

Deutz and the M.A.N., the fuel jet is given such a direction
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and penetrative force, that it burns without impinging on the
piston or cylinder walls.. Any contact vltn the metaliwalls,
Eespecially When the& aré coated w*tr lubrlcwt¢ng oil, is to be
avoided, not only on agcount of the direct heat transmission;
but also on account of the catalytic action of the wall mater-
iel, which acceleiates the pyrogenic décomposition 6f the fuel.
The same is true, in a still greater degree, of the contact
with the oil carbon deposited on the piston head, since this
absorbs the'fuel,vcauses misfires and after~burning, and great-
ly cemps the control. The modern véhicle engine seems to be
developing within the limit represented by these fiducial lines.
The fact that the nroblem has not yet%~een fully solved, is
due to the exbraoralnary difficulties arising when one tries to
reach the goal simply bv making slight éhanges in the dimen-
sions of stationary engines. The succescful development of the
high-speed engine must be based ratler on a thorough investi-
gation of the vhole process, whose individual phasesg must fuily
chfbrm to the‘changed‘conditions. -
For the obtention of high revolution speeds, i.é., high
piston and combustioh sveeds, two conditions are requisite,
namely, cuick ignitioﬁ of the injected fuel and rapid combus-

tion. As regards the ignition, we know that the fuel drops

injected into the cylinder .receive heat by conduction from the

hot compressed air. The cvrocess is very similar to the combus-

tion process in the coal-dust furnace investigated by Nu%selu
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According %o Riehm ("V.D.I.," 1924, p.644), the simultaneously
occurring heat absorption by radiation can be disregarded,

since the gas and wall temperatures are relatively low from

the beginning of the combustion. The heat absorbed by conduc-

¢
ins tion is

4 r o {t - t) , (1)

in which
r = radius of drop (m),

A = coefficient of heat conductivity of air
" {xcal m™* 7t 9¢1y,

ty, = compression temperature of the working air (°0),
t = temperature of fuel drop (°C),
t, = initial temperature of fuel drop (°C),

¢ = specific heat of liquid {kcal kg * 00_1),

Y = density of liquid (kg m™3),
z = ignition time of drop after jet leaves nozzle (h).

The absorbed heat raises the temperature of the fuel drops

so that
- 4 .3 at :
4rmn(ty-t) =g moy §F (1a)
i or
3 T2 ¢ Y at
] | dz = 55 T o1 | - (1v)
B oy e e

. For the limiting condition % = %, for % =0 “the inte-

 gration of this eguation gives
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(2)
BNt -k

a

From this equation the tine 3z, required to reach a tempera-
ture t of the fuel drop, can be computed.

The question as to what temperature is‘necessaiy for start-
ing the ignition, cannct be anéwered with certainty, so long as
we Jdo not know whether a substantial portion of the fuel is
changed into the form of vapbr or gas shortly before the igni-
tion of the drop, or whether the drop burns in the liguid form.
Ovinions differ on this poiﬁt and no complete answer can be ex-—
vected very soon, owing to the difficulty of investigating the
Phenomena experimentally. Probably no considerable amount of
gas or vavnor is formed before ignition occurs, because the
available time*(about 0.004 sec. in high-speed engines) is too
short and the temperature at the instant of ignition is too |
low. On the other hand; an envelope of vapor and air will be
formed on the surfacé of the drop by the partial vaporizatioﬁ
of the wmore volatile components of the fuel. This envelope
has the lowest possible ignition temperature and consequently
ignites first, vroducing a sudden increase in temperature of

the whole drop which then burns in the liquid form. Since, in

this "case, =21lmost all the heat. imparted.to.the drop is liquid

heat, the ignition point of the ligquid itself can be unhesitat-

ingly out for t 1in equation (2). Even if this assumption
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were incorrect and a considerable portion of the drop evapor-
afedxpreviously, the correctness of the numerical values calcu~
lated from the equation would be but slightly affeoted- Re-
gardless of whether the heat imparted to the fuel drop is chief- .
1y liguid heat or partially vaporization heat, the above for-
mﬁla shows the great effect of the compression temperature on
the ignitioﬁ instant. The atﬁainment of a high air temvera-
ture.1ls therefore an important means for sﬁorténing the igni-
tion delay. The sgige of the drop is still more important,
however, its effect on the ignition speed being %o increase =z
according to the square of the drop radius. The combined ef-
fect of both factors is shown in Table I, which gives the ig-
nition deleays for drops of various sizes at different air and
ignition temveratures, on the assumption that there is no

previous vapor formation.



N.A.C.A. Technical lemorandun No. 403 11

Table I.
Ignition delay in seconds x 10~ .
" e’ ="0.45 keal-kg - Q0T .

Y, = 900 kg m™ 3,

A = 0.0405; 0.0425; 0.0448 Xkcal m~* nh~* O¢?
at t = 500°; 550°; ©  800°0.
Ignition Air Size of drop in W = 0.001 =
temperature temperature - B0 u 25 u 10 u
| 500 141 35.3 5.65
200° 550 119 29.7 4.75
800 102 25.5 4.08
i - 500 283.5 85.6 10.5
i 2000 550 215 53.5 8.8
0 600 179 45.0 7.15
+ 4000 550 383.5 90.5 14.5
b , 800 290 72.5 11.86
] | 5C0 - - -
: 500° ; 550 e75 | 187 7
| | €00 481 120 19.3

Repid combustion of the injected fuel is just as important
as quick igmiticn. According to the Wenzel law, the rapidity
of the combustion, like the speed of anv other chemical reac-

tion in dispersion systems, ig proportional to the area of the

reacting surface. The best way to aooélerate the. combustion

is therefore the obtention of the greatest possible reaction .
surface of the total injected fuel, i.e{, the formation of the
;~:n1amgest,possible,numpe;_gﬁwiuelddrppgﬁgf the smallest posgible
diameter. The direction to follow is plainly indioated since,

with decreasing size, the volume of every fuel Grop decreases
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with the third power, but the surface erea only with the sec-
ond power. |

Aside from the chemical vrocess, the ravidity of the com-
tustion also depends on the physical processés and the diffu—
sion of the oxygen. Around every drop an envelope is_ first
formed out of the combustion products H,O and 002; through

which the fresh air must oass. A rapid diffusion is favored

T T el T T i

by a minimum size of the drops, as well as by a violent rela-

iR

tive motion of the fuel and air. This last reguirement brings

us directly to another important condition, namely, the most

—3—;?: L"Ts—"é;‘

Sy

uniform vosaible diffusion of the fuel in the combustion airz.

Ty

Though the formation of a homogeneous nmixture of air and

b the vapors of the easily ignitible fuele offers no grest diffi-
culty in explosion engines, a like condition is not easily ef-
fected in Diesel engines. What effect, however, the finest
possible diffusion of the fuel in the combustion air has on

the whole combustion process has been shown by Haber's experi-

TR

. oS

e

ments ("Zeitschrift fur angewandte Chemie," 1923, p.6861), which

led to the important Conciusion that, in the combustion of o0il
vaonors Wifh theoretically sufficient air, much CO is always
formed insterd of CO,. The reason for this is to be sought in
the fact that liquid Sprayé, especially when the size of the
wéﬁépéﬁded dtoﬁs varies éréafly, are much less uniformly dis-
tributcd than a ﬁixture of oases and vavors. Their ignition,

as likewise the propagation of the combustion, is therefore
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s_ower and requires a greater excess,é of air. All efforts to

“obtain rapid combustion with only-a .small excess of air or,

in other words, high revolution speeds with small oylinder di-
mensions, rmust therefore culminate in the effort to produce
the most homogeneous pogsible mixture of very finely atomized
fuel and air and to burn i% very quickly.

There have been only a few theoretioaliiﬁvestigations of
the nature of the atomization of a fuel jet injectéd at a higﬁ
velocity, and we are dépendent on the work of hydrodynamic en—
gineers who have experimentally investiga%ed the outflow and
turbulence problem with water ("Zeitschrift fir angewandte
Mathematik und Mechanik," 1921, p.436). Xuehn investigated
the nature of atomization in his article "Atomization of Liduid

Fuels" (N.A.C.A. Technical Memorandum No. 331), but his atten—

tion was devoted more to the determination of the girze of the

-fuel drops than to the real atomization problem. Very recently

Triebnigg has attempted to solve the problem of atomization
and determine the physical foundations of the injection process
onrthe basis of the capillary theory ("Der Einblase- und
Einspritz¥organg bei Dieselmaschinén," Vienna, i926)-

We ¥now that, up to a certain critical velocity, the flow
gfﬁ}zggé@s th:oughwgmﬁl}”tubég ish1aminar, Wiﬁh ah approximate-
ly varabolic velocity éui&e over the whole cross section. The

upper limit for the laminar flow is given by the Reynolds fbr~

mula ’ :
, R v (%)
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wherein R represents a constant which is dependent on the tub-
-ular friction; v, the kinetic viscosity of the liquid; and

¢, the diameter of the tube. Above this critical'velooity,

of about 35 m (115 f+t.) per second for fuel . oils and cus-

TR e g

tomary tubular cross sections, there begins, through viscosity,
an increase of velocity in a vortical peripheral layer, which,
on 1eavihg the nozzle, causes‘the elimination of the capillary
forces of the jet comporents. The atomization of the jet is
greatly affected by the shape of the nozzle opening, whose
peripheral action decidedly affects the splitting up of the

jet. As a means for obtaining very fine atomization, it is

now sought almost exclusively to ihcrease the peripheral action
of the nozzle for given cross—sectional arees by means of the.
greatest possible extension of the periphery of the nozzle op-
ening and verybnarrow spraying slots. The question as to
whether any further atomization is effected by the friction

of the jet (as it leaves the nozzle at a high velocity) against
the surrounding compressed air, can be answered negatively (at
least for high outflow velocities and small drope) according to
recent researches. Lenhanit's experiments on the deformation
of water drops at high velocity showed that only droDS with

dlameters of more than 0.5 mm \O 02 in.) were so far deformed

S
I

1 by frlctlon w1uh tbe eir as to Spllb 1n two ” Smaller drops
j - could not be deformed on account of their greater surface ten-

sion. The possibility of further disintegration of finely




¥.AiC.A. Technical Memorandim No. 403 . 15

atomized oil drops is all the less probable, since their sur-

~face tension is about six times as great as that of the water

drops tested by Lenhardt. Even the compression ratio of the

.alr has no effect on the atomization, since the viscosity con-

stant of the air, which is vy = 0.0001723 aocording to Len-
hardt, depends only on the temperature and notvon the pressure.

The atomization can be affected by the compression only in so

1

far as (through the temperature increase caused by the compres

sion) the sigze of .the drops is increased by the absorption of

_ heat or by the formation of vapor envelopes. It will express

itself in a change, in its resistance and a correspondihg &evi—
ation from the_computed‘distance of travel. The reaction‘éf

the air on the structure of the whole jet can not, however, be
entirely disregarded on this account, since it favors the sep-
aration of the closely collected fuel drops as the& leave the

nozgle and the splitting up of the Jet into many smaller jets.

- If the jet leaves the nozzle in the form of a conical spray

(as is, for examplé, the case with single-hole nozzles), drops

are thrown off both internally and externally, especially at

the beginning of the spray cone. Atomization pictures theré-

fore almost always show a scattering of very small drops near

the axis of the cone, as likewise on the periphery.

The size of the fuel drops is 4 function of the pressure

" to which it is almost directly provortional. With increasing

pump pressure, the uniformity -of. the individual fuel drops in-
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creases with regpect %o size. If we start with the assumptidn
that, under otherwise like conditions, the excellence of com-

bustion is a function of the atomization and that, on the other

hand., the latter ig inproved by incresasing the pump pressure
> . D 3

it is very natural to test the fuel consunption of an engine in

terms of the injection pressure. Such experiments were per—

. formed by Heidelberg ("V.D-I. " 1924, p.1047) with the result

that the fuel consumption was, in fact, nearly inversely pro-

Hportional to the increase in the injeotion préssure, but that,

above a certain point, the fuel consumption was not affected

by a further increase in this pressure (Fig. 14). Heidelberg

offers‘no_explanation for this "constancy range,” which differs

greatly in extent for the several nozzles tested. Blichner pTro—
posed a hypothesis, which, if loglcally thought out, leads to -
very interésting results.* He proceeds from the well-known
phenomenon, which has been cowzroborated by experimental inves-
tigétions on_tﬁe hehavior of air near moving projectiles, that
the coefficient of resistance ¢ increases rapidly in the
vicinity of the velocity of sound, only to fall suddenly after
exbeéding this velocity. ©Since he further asgumed $hat the
friction of the air also e?erté an immediate influence‘on the

at0m1zat on, he ”oncludes that thls can take place best rhen

T et

the ex1t velocwty oF the fuel get is the samé as the velocity

*"3eitrag zu den arunalawen der schnellaufenden Halkdleselmo-
toren," Halle, 1925. For translation, see N.A.C.A, Teﬂnnlcal
M emorandums Nos. 356-353.




ST

B
m‘
i
4
3
i

N.A.C.A. Technical Memorandum No. 403 17

of sound. A calculation of the velocity of sound, with the aid

~of Lavnlace's. formula, — ‘ L ‘ .
: — -
c = |.|l|5..m 4

(in which P represents the pressure at the nozzle mouth, Y

b the density of the air and m +the exponent of the adiabatic
change of mdmﬁmvu,wM<mm values for c swwww svmwg correspond

to multiples of the injection pressure as Emmmcumg d% Heidelberg.
If, on the mowﬁamw%u we take for granted the outflow velocity
corresponding to the Ummd.ammmﬁwmﬂ.wcmH.OOSch@dwod mwg control
HWm exponent m; we then obtain the surbrising result dﬁ%&

the Bmmﬁwdﬂao of the exponent varies for mwﬂmHmLWOHm nozzles be-

tween 0.198 and 0.248, according to the kind of noZzle used.
The propagation of the kinetic energy in the hot air can no

M. longer take vlace adiabatically, when any noteworthy transfer

of heat occurs between the hot air and the bearer of the energy,
but there will be a polytropic change of m&m&m,w<wbm far dmwos
the isotherm. This view is justified when it Hmunoumpamam@

that the cold wﬁww is injected into the hot compressed air and
absorbs heat from its environment, the amount of heat dmwwm aﬁw&m
H@Hmou due to the increase in the coefficient of Wmm& oonGOdw<lw
ity at high relative velocities. The oowwmowsmmm of Buchner!s

- agﬁﬁwoﬁﬁmmwm;socwﬂ,5m<m,ao:dm.@Mmemesﬁ@HH%,<meﬂwm@w At any

| rate it encourages us’ to give due consideration to the heat
transference between the fuel jet and the compressed wwa when

investigating injection and atomization phenomena.
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Since the finest possible atomization ims an. important,

though not -essential, condition for rapid and complete combus-

tiom, especial attention has always been given to'determining
the size of the dropvs. Attempts to determine the size of the
drops directly by measuring the dynamic pressure exerted by
them on a flat vlate placed at different distancesvfrom the
nozzle were made by Rielm, undsr conditions claimed to approxi-
mate very closely the conditions obtaining in the oompressioh
chamber of an engine. In Riehn's expefimental apparatus, how-
ever, the accuracy of the result was considerably impaired by
the fact that the surrounding air was set in motion by the re-
cistance of the fuel drops. There were accordingly developed,
in the experiMental cylinder,lair flows and preséufe differences
which were also registered on the impact plate. Mo:eover, the

alilr resistance of the drops varied in a hardly determinable

‘manner, as soon ag the relative motion against the air acceler-

ated in the direction of the jet appeared, instead of the abso-
lute motion against the still air.

Extensive researches on the direct determination of the
size of the fuel drops were made by Kuehn (N.A.C.A+ Technical
Memorandum ¥o. 331). His measurements were made by allowing

the fuel jet to fall for a very short time on a sooted glass

L e b i

plate by passing throﬁgh'absﬁutté}ihéid directly bLélow the

mouth of & spray nozzle. The number of the clearly visible

" drops on the plate was found by counting and their weight was

1
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found by weighing. This method is very difficult to apply
practically (as in testing‘any'giveh nozzle), since it necessi-
tates complicated apparatus for catching thé d&ops. Tﬁe wéigh—
ing is especilally difficult, becaﬁse the various conditions,
such as the humidity of the air, temperature, etc., must be de-
termined and the weight correspondingly corrected. Moreover,
the size of the drops thus determined is only the mean size
and furnishes no vacgis for.the determiﬁation of the number and
size of the smallest and largest drops and their distribution
in the jet picturé. |

Another method, developed in the laboratory of the "Gesell-
schaft fur Kohlentechnik," at Essen, for determining the size
of the drops, has been suggested by Hauser and Strobel ("Zeit-
schrift fur technische Physik," 1924, p.154). Hereby the fuel
jet immediately after leaving the nozzle, is caught on a glass
plate covered with glycerine. The fuel drops remain longer in
suspension in this liquid and can be observed and measured
with a microscope. Since the drops sink slowly to the bottom
and there run together, the accuracy of the observation is lim-
ited. No report has yet been made of comprehensive measure-
ments by this method. | |

Much moré reliable than the above methods is the one of

w81tjen, who, iﬁwﬁisvaiéserfafion"’“Oﬁ”theWFineness of the

Fuel Atomization in 0il Engines" ("Ueber die Feinheit der Bremnn-
! .

stoffzerstéubung in Oelmaschinen," Technical Hochschule, Darm-

stadt, 1925), proposed an exceptionally practical method for
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determining the sizes of the drope; M']*gen atomized the fuels
under conditions as similar as possible to those prevailing in
the engine and-photosraphed the drops thus obtained. Starting
with the method employed in the chemistry of colloids, the fuel
wae injected into a receiving 1iquid in which it remained un—
ohanged for a long time. The digpersing 1iquid Wes.a mixture
of 70% distilled water and 30%. "Oueol D," a tamming extract of
the Colonial Dyestuff Company, Xarlsruhe. In order to avproxi-
mate as closely ag possible the copditions obtainlng in the en-
gine, the fuel was injected into a steel "bomb," which was
partially filled with the dispersing liquid and Whoee air sgpace
was kept, by means of compressed air, under the pressure pre-
vailing in the engine. Since the 0il injected into ihe-bomb
first'paesed through the compressed air befere entering the
dispersing liquid, certain effects of the friction of the air
on the size of the erops could be ovserved. The emulsion of
the oil and regceiving liquid could then be examined under the
micrescope.with sufficient accuracy, whereby not only the size
of the individual drops could be determined, but #lso the pro-
portionate mumbers of the drops of’diffe:ent sizes. Plates I
and II show microphotographs of atomization e%periments, 'a—d

being photos of atomizations produced by air injection.and f-k

"by,airless injection.r The pictures Dlainly show the effect of

increasing the injection pressure on the 81ze and UﬂlfO”ﬂlty

f the drops. For comparison with the artificial emulsions



obtained by oil injection, Plate Ie shows & natural emulsion,

-

namely, cow milk, whose suspended fat globules have about the
same size as the finest oil drops obtainzble by atdmization.
Since the combustion vnrocsess in an engine and consequently
its whole structure are deoidediy affectéd by ,.the choice of a |
certain size of drops, a critical discussion of the atomization
pictures is of interest. The large drops, which are numerous

at low pressures, decrease in number with increasing pressure;

the number of medium-sized drops increases; the number of the

small drops increases still more; and the atomization becmneéf~
more uniform. A comparison of Tables II and III shows the dif-
ferent injection pressures required in air-injection and airless-

injection engines for producing the same medium—sized drop

(9]

Table II.
Sige of drops with air injection.
Plate I. Injection Outflow Drop
‘pressure p, velocity w diameter dp
Fig. in atm. in m/sec in 6.001 mm
a 75 373 | 4.37
ko) 65 345 13.75
c 50 386 17.50
da 40 330 35.00
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1 Table III.
QM o Size of drops with airless injection.
ig Plate II. Injectionl Outflow Drop -
3 _pressure p, velocity w diameter dy,
: Fig. | in atm! in m/sec. in 0.001. mm
I g 300 256 4.37
h 250 235 13.75
i 200 210 20.00
j 150 183 26.35
ok 100 . 149 33.75
1 50 112 40.00

TS SRR AT T TN T D L T

It is remarkable that, according t0 ngtjen‘s expefiments,
the finest atomization (Plate Ia), which produced drops of

4.37 4 diameter at an injection pressure'of 75 afm., did not

have the anticipated favorablebeffect in the engine, which

showed a tendency to detonate, with the emission of dark-colored

exhaust.gases. We are therefore led to conclude that, in svite
of the considerable energy of the injection air, the finely
atomized fuel is not carried far énough into the combustion
chamber, but remains immediately in front of the nozzle, in
part causing_preignitions:and in part rassing out unburned with
the 'exhaust gases. If the combustion of subhismall drops meets
with difficulties in air injection, still_gre#ter difficulties
may naturaliy be anticipated in airless injection; If isvcer~
 tain (as will subsequently be more fully gxpiained) that the
Laiéfributiéh‘of*very'fineiy'atomized\fuelﬂmhrgughoqp_;hgnwhole
combustion space is possible bnly_With the aid of special aux-

i1liary devices. One method consists in effecting the atomiza- -
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tion through a sulteble nozzle andApreésuré in such a way as to
wy;a;dwq_g:eaterrﬁumber of coarse drops in proportion to the
number of fine drops. The latter will then sefﬁé és tinder for
starting the combustion, while the former, due to their greater
momentum, will penet:ate the comprescion space and propagate
the combustion. There will be somathing more +to be said later
on the value of this method and its suitability for high-gpeed
vehicle engines.

To return to the faulty cowbustion in the normal Diesel
engine at an air—ihjeotion pressure of 75 afmospheres, it
should be remarked that it is 10t necessary to conclude there-
from that drops of the chosen order of magnitude should be un-
conditionally avoidedf The experiment simply shows that the
engihe was not structurally suited for working at such an in-
jection vressure. I am confident thaf, through careful adapta-
tion of the size and shave of the combustion chember, on the

one hand, and the suitable guidance of the fuel jets and‘air,

on the other hand,'even very finely atomized fuel can be com—
pletely burned. : |
Just as there is a lower limit to the size of the drops,
there is also an upper limit. The experiment at an injectidn
pressure of about 40 atm., corresponding to a mean drop diame—
Tter 6t 25 u (Plate I'd) showed -that a'full'loeding of the en-
gine was impossible at this low injection pressure. A minimum

‘working pressure of 47 atm. was found to be necessary, at which
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the engine worked, however, with a high fuel consumption and

very sroky exhaust. This was due to the coarse atomization,

because the larger drops did not havé time to ignite and burn.
The fact that the experiments described were performed
with an air-injection engine, does not affect their importance.

It must be assumed«That similar experiments with airless-

injection engines would give similar results, since they lie

within the theoretical limits. The incompleteneés of the com-
bustion of very large drops 1is té be expected on account of the
ignition delay undergone by drops of this order of magnitude.‘i
Table I shows that, even in normal low-gpeed Diesel engines
with a combustion time of 0.01-0.032 second, drops of 50 U or
more diameter do not have sufficient time for completé combus—
tion, but leave the engine unburned -with the exhaust gases.
. Formula (2).gives information on the limiting value for

the size of the drops which will be ignited within a given
time, when it is solved according to the radius of the liquid

drop. We then have
3 A ty, - b4 -
Tpax = — - in =———& - (5)
max V// c Y . tp - t

For a vehicle engine with a revolution speed of n = 12300,

let us make the assumption that the ignition delay must not ex-

1éeéd’fhe"duration“of'the-injection process. We then have, for

...... Lt
an injection perlmiggmg%%1%§ at&rank«a Zﬁ%ﬁ%f SOO 0.004 sec.
To be rets ,wd to
the files of the Langley
Memorial Aeronautical
Laboratory
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available for ignition and

. ' — Ty = 85 My A - 17 b

according to equation (5).

That such a size of drop represents only an extreme limit,
4o be avoided if possible, follows from the consideration that
the ignition period of the oil drops last injected would extend
over another 309. Poor combustion with a2 high final expansion
temperature would be the result of this doubtless excessively
coarse atomization. It is therefore neeessaiy te restfict the
ignition delay at the outset to the smallest possible magnitude,
estimated at about 0.0004 sec., corresponding to a crank angle
of 3°, and from this to determine the diemeter of the drops.
In the abeve example, we then obtain a mean drop diameter of
4 = 5.6 p. Hence this order of magnitude must be maintained
for the diameter of the fuel drops of a high-speed engine. The
number of drops of the above-computed limiting magnitude must
be kept as small as possible.

WSltjen's method affords the possibility of determining,
in a relatively simple manner, the atomization attainable with
a given mnozzle and a predetermined pump pressure. We can ob-

tain drops of any‘desired magnitude by changing one or the other

”oiwﬁefh of"these'faetbrsr‘ﬁThus.theupurelY.empirioellmethod

hitherto employed is replaced by a reliable, much simpler and

cheaper method. The fact that the injection into the recelving
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ligquid takes place under conditions corresponding somewhat to
those prevailing in an engine, affords a guaranty that the
method is suited not on1y £Qi”¢omparing diffeiéhtly shaped noz-
zles, pumps, etc., but also has an absolute value, in that it
closeiy approxlmates the actﬁal atomization processes. Since
ngtjen chiefly used cold compressed air‘in his experiments,

the conditions may have deviated somewhat from the actual condi-~

tions in a combustion chamber, due to the fact that the mass of

the drops, injécted at high velocity in%to the hot combustion
air, is increased by the condensation of vapor on their surface
or that their coefficient of resistance is affected by heat ab-
sorption. As to how far this is really the case can be deter-
mined 5y substituting hot nitrogen for the cold compressed air
in the bomb.

" With the determination of the size of the fuel drops much
has already been accomplished since, on the basis of the known
mass of the oil drop and its outflow velocity (as computed from
the pump pressure), we can determine the length of. its patﬁ;
as likewise its velocity iﬁ the combustion chamber, whereby we
must, however, assume that the mass and ﬁolume of the drop
have not changed much during its journey. Nevértheless, we

can always determine with sufficiet accuracy how far from the

nozzlé the combusticn chamber s swept. -In -this calculation.

we must always consider in what manner the velocity'imparted to

each drop as it leaves the nozzle is diminished under the in-
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H:

ence of the frictionAof the air. While the resistance at
low wveloclities increases accora_ng to Stokcs' formula in pro-
crtion to the velocity, ‘i® changes at h:@h velocltles according

to Newton's ]aw of resistance approximately as the square of
the velocity and proportional to the density of the air and the
projection of the drop in the dircction of motiqﬁ. .The upper
limit of Stokes’ fousula depends on the Reynolds Number, which
was determined from Lenkerdt's expériménts onn the final wveloc-
ity of freely falling water drops at R = 50. For fuel drops
with diameters of about 304 and a kinectic viscosity of the
air of v = 0.15 cm®/sec., we obtain the lower limiting veloc-

ity for the applicability of the quadratic law of resistance

‘at about 15 m (49.2 ft.)/sec. The outflow velocity of the

fuel jct far excceds this figure. Xuehn's calculations showed
thot, under the assumption of a drop having a diamcter of

30 b and an initial volocity of 250 m (820 ft.)/sec., it would
sti1l have a velocity of 30 m (98.4 ft.)/sec. after 0.00001
sec. in compressed air at 33 atm. The distance traverscd dur-
ing this timc is ot first 8 mm. After 0.0001. second, the ve-
locity has fallen to about 4 m‘(15.3 ft.)/sec; (here Stokes'

law of registonce rmust already apolv), and the distance has

1ncreasod to 16 wn (.83 in.). The result of this calculatlon

is. hardly affected by the fact that Newton's law of resistance
does not apply in the vicinity of the velocity of sound, but

that changes in the resistance, as already mentioned, take
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vlace @ccording to other laws. On taking this fact into consid-
uq;ation, we come to an interesting result, if, in working out
the abo#é—‘entibned‘B&éﬁnér hypéthesis, e givé the jet a veloc-
ity greater than the velocity of sound, in order for it to have
a high penetrating power with low resistance values. Although,
acéording to what has been sald, an increase in the coeffici-
ent of resistance can wroduce no further atomization,.it does,
,however, congsiderably affect *the attalnable distance of travél
of the drops, their deflection from the axis of the jet, and
their variation in volume through the absorption of heat. The
most favbrable distribution of the atomized fuel jet would
thereby be moved a 1ittle farther from the nozzle toward the
center of the combustion chamber and coﬁséquently the conditions
" for the formation of a homogenecus mixture would be improved.
If, according to the above investigation, drops of 30|
diameter show such a rapid decrease in their initial speed,
the conditions will be s%ill less favorable for smaller drops,
a necesgary requirement for high combustion speeds in vehicle
engines. This would mean that the very finest fuel drops,
which are the best adapted in size for favorable combustion,
could not penetrate far enough into the gompreésed air in the
combustion room, but wduld be ﬁostly stopped near the mnozzle.
‘This wWould result in the accumulation ofwthevdiops near the
nozzle, where there would not be enough oxygen for quick com-

bustion. If this condition does not actually occur in the de-
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scribed mass, it is due to the fact that the instituted consid-
erafionsuwere.based dn the maes qfwgnly one drop énd the as sump-
tion of an infinitely great mass of stiii éif.. Innreality; how-
ever, we have to reckon with the kinetic energy of the whole
fuel jet, which imparts to the air the momentum of all the drops,
thereby'making it the bedrer of the fuel spray. The energy of .
the jet is imﬁafted éo rmuch the vetter to the surrounding air,
the closer the form in which the jet enters the air and the
smaller the quantity of air, to which it must impart its veloc-
ity. The practical result of this argument for the constructor

is therefore to conduct the fuel Jet so that, in spite of the

finest atomization, the component parts will be held together

in as close a cone as possible, and that this cone can be util-

ized for accelerating or maintaining the desired air circula-
tion. It is impossible to produce a perfect circulation
throughout the whole corbustion chamber, as in fhe air-injection
method, simply through the kinetic energy of the fuel jet.
Entirely apart from the fact that, in air injection, there is
added to the mass of the fuel the not much smaller mass of the
injection air, the 1attervis also greatly accelerated by its
expansion. In order to obtain“a like energy of flow in airless

injection, pump pressureswould have to Ye employed which would

- be multiples of those now customaty. Wé would then-obtain an

extremely short injection period and explosive combustion,

which would result in overstressing the already-highly stressed

driving gear.
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If the requisite energy for distributing the fuel drops

can not be fully obtained from the fuel jet, some other way

" must Ye found to replace the mixing action of the airéinjedtion

method. Oﬁerf these means has already been mentioned. It
consigts in so‘conduoting the.atomization that, along With a
number of small dfops, a sufficient number of large dréps will
be produced, which, due to their greater momentum, will pene-
trate far into the combustion chamber and propagate the combus—
tion-begun by the small drops; This method may be suitable for
stationary engines, although the prcduction of drops of desired
diaﬁeter, penetrating power, etc., can be but very imperfectly
accomplished with the means now available. For high-speed ve-
hicle engines, however, any method which delays the combustion
process must be avoided as far as possible. This method will
therefore be employed only to a limited degree and more atten-
tion will be concentrated in the direction of imparting such a

motion to the combustion air as to make it the bearer of the

 fuel drops and thus distribute them throughout the combustion

chamber. Even the first compressorless Diesel engines, namely,

the Deutz displacer engines, had such a motion of the combus—

~tion air, whereby, however, more value was attached to the atom—
izing effeét of the annular whirl than to the forced circula-

«.tlon .of the air itself. . Only of late has proper attention been

given this question and has the endeavor been made so to direct

the combustion ailr that it can be perfectly regulated and
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brought, at a calculated velocity, to the place of combustion.
\"Epyewigwigraccglergted by the fuel jet, carries away the fuel
drops during the combustibn period; driﬁesrthelodmbﬁsﬁion gases
ahead of it and furnishes fresh oxygen until the coﬁbustion is
completed. The circumstance that, through the violent whirlQ
ing of the'air, more heét is imparted to the cylinder walls,
is uhimportént, in view of thé fact that an‘inoreése in tﬁe
revolution speed of vehicle engines is of much more impcrtance
than any possible better utilization of the fuel through less
heat transmisgion. | |

In ignition-champer engines the distribution of the fuel
in the cylinder offers nc great difficulty. On the one hand,
it is comparatively easy to distribute the fuel sufficiently
(especially when not too finely atomized) in the relatively
small ignition chamber. OUn the other hand, the effe~ct of the
combustion gases, whicn are 3%xpelled at a high veilncity from
the ignition chamber into the cylindexr, is to a cerstzin degree
comparable with the effect of the injection air. Lven when
(for example, in Wiée necks) the pressursa diffﬁrénce'between.
ignition chamber and cylinder is not very great, the burning
gases will nevertheless undergo manifold changes in their direc-
tion of motion on their way %o the working cylinder. These
hagﬁbfleééwﬁroducé'Sﬁffiéiéﬁt”ﬁurbulenCe“in the combustion cham—
ber and consequently a good disfribution of the fuel in the

combugtion air.
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The productisén of the whirling motion for distributing
the fuei is not so easy in méchaﬁiggl—injection engiﬁes as in
: ignition—chamber engines. It is clear théfﬂfgéuéhape of the.
combugtion chamber greatly affects the strength, direction and
velocity of the air whirl sought. A1l recent endeavors have.
therefore been in the direction of forcibly mixing the fuel
and combustion air by means of'suitably shabed cylinder heads,
pistons and ingenious arrangemeﬁts of the nozzles. A cémbina—.
tion of the annular-whirl method (Deutz-Brandis) with fine at-
omization was provosed by Bielefeld (Fig. 15). The fuel is in-
jected under high pressure at the dead center in the finest
state of atomization and is distributed by the air whirls,
which are purposely generated as shown by the arrows in the fig-
ure ("Autotechnik," 1925, No.13, p.26). The annular concave
shape of the cylinder cover and of the displacer head of the
piston generate a whirling motion of the air which is maintained
during the. whole combustion period. It is worthy of note that
in this construction the jet‘energy is not utilized to acceler-
ate the revolving air, but that'the fuel injectedbthrough a cen-
t:al nozzle in the fbrm‘of a flat circular spray, strikes the
air nearly at right angles and is carried away by it. The
Krupp Diesel engine has a nozzle with séverai holes and guides
£hé‘Eéﬁbﬁéfidn'airgléﬁumédhsdbf;aHEiféﬁiéff"EiféCtor" located
at.the.iﬁlet valve, in a circle around the cylinder axis (Fig.

16). By measuring the velocity of the circulating air current,
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it was demonstrated that the most favorable combustion lay at
- a certain definite air velocity (about 8.5 m/sec. in the case

investigated). At this Veidbify;HWhioh, in order of'magnitude,

agrees well with the values found by Hesselman in similar ex-

?‘ periments, air molecules 1lying near the cylinder wali describe
- exactly a quarter circle. It may te asgsumed that the combus-
tion is the most favorable when fhe air charge during the injéc-
tion veriod describes.the exact angle.at the center Wpich_is in-
cluded between two adjoining djets from the multiﬁdi;a nozzle.
Fig. 17 is a picture of the mushroom piston head of the Krupp
Diesel engine at this favorable air velocity and plainly shows
the strong scattering of fhe flames by the directed air flow.
(The 1ight spots on the piston head are deposits of zinc oxide
due to keeping the fuel in galvanized-iron containers.) The
more lightly built compressorless Diesel engine of the M.A.N.

( "Maschinenfabrik Augsburg—N&rnberg,") in which the fuel is in-
jected tangentially through two nozzles, likewise has a circu-
lar air flow and a disk-shaped combustion space (Fig. 18).

This engine has the advantagé of leaving the»cﬁlinder cover

free from fixtures and enables the installation of such large

‘inlet and outlet valves as to supply good air charges even at

H high revolution speeds. Above a11, however, the kinetic energy

Pt UB L EHE fuél jets “ig here favorably utilized, because the turn-
ing moment of the injection energy efficiently supports the

circular air flow. It is important for both nozzles, which are -
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supplied by one and the same pump, tb have the same resistance.
This is accomplished by equalizing the pipe resistances by
means of exchangeable perforated plates in the distribution.
porfion of the pipe. The high-speed two-stroke-cycle Diesel
enginé made by the "Hannoverische Waggonfabrik" (Fig. 19),
likeﬁise works with a circular motion of the air around the
éylinder axis, due to the fact that the -air, oreviously com-

pressed in the crank case, is forced by a suitable disposition

of the overflow ports to enter the cyllnder in a tangential

direction. Since the outlet valve is located in the cylinder
head (contrary to the customary two-stroke arrangement),
disturbance is caused in the spiral motion of the air by the
flow energy of the exhaust gases, so that the generated air
whirl apparently persists throughout the whole duration of the
injection and combustion process. The fuel. is injected toward
the cylinder axis through a nozzle located in the side of +the
cylinder head. '

In addition to the above-described devices, the patent
literature of recent years shdxs a large nuwmber of more or

less practical prooosals for automatically dlrectlng the com—

'bustlon air. One 1dea recurs in many variations, namely, the

guidance of the air column, driven by the piston toward the
comoustlon space, bj the archllke shape of the cyllnder cover
in Suoh a Way uhat 1ts motlon is reversed and given the same

dlrectlon as the fuel jet. Flg. 20 represents a solution pro-
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posed by myself, in which the combustion spdce is divided into
two chambers, each having the shapevof a paraboloid of revolu-
tion. -The nozzle openings areulooéted at about the foci of

the paraboloids. As to whether the expected result, namely, a
good distribuﬁion of the drops (produced by air whirls at the
foci), will in fact come to pass can not be safely predioted,
for the lack of expefimental bases. The diminution of the aii
space to be swept by a nozzle, effected by dividing the combus-
tion space into two symmetricél charmbers, may nevertheless
prove to be a suiltable means for completely filling even larger
combugtion chambers with fuel drops.

On account of the importance of the question regarding the
effect of the shape of the combustion space on the strength,
direction and velocity of the desired air éiroulation, it
would be desirable to investigate thoroughly, by systematic ex—
periments, the laws of this .whirlinz motion. in so far as the
air flow can not be made visible by smoke, powdered wood, etc,?
it might be advisable to measure with a Pitot tube the air ve-
locities in the compression chamber of an experimental engine‘
throughout the whole cross section of the cylinder.. It should
thus be possible, by the systematic testing of the whole com-

pression space to obtain, in a comparatively short time, a

qlear_picture of the air circulation.

The complicated processes in the cylinder have been recent-

1y rendered accessible to direct visual observation. At the
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Junkers works in beséau, the comtustion vrocess in a comoressor-
less Diesel engine was.successfully photographed, through a
duartZVWindow in the cylinder head, by means of a stroboscope
(Fig. 21). The pictures obtained (Figs. 22-24) plainly show
the scattering of the flame under the influence of the motion
of the air (which is circular in this case). The full-load
pictures (Figs. 323-33) were taken in point of time, very near
the dead center and shovtly after the beginning of the igni-
tion. The felatively small amountvof fuel already injected
was blown from the nozzle toward the right by the'circularly
moving air in the cylinder. The ignition had started at about
the tip of the fuel jet and had then been quickly propagated
vackward to thé nozzle (Fig. 23). After 0.0005 second, the
flame had spread still farther (Fig. 23). On the other hand,
Fig. 24 shows the final phase of a low-speed combustion. The
correspondingly small low-speed flame had here already made
one complete revolution in the combustion air and had been sep—
arated into several component flames ("V.D-I. " October 31,
1925, p.1373). | |

After the above detailed description of the injection and
combustion process, something should also be said regarding |

the compression ratios suitable for vehicle engines, and on

- the shape of the combustion line in the indicator diagram. It

is, of course, desirable to obtain a diagram which shows the

greatest possible area at low maximum and expansion final pres-
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sures. One way to do this, and which is best suited to the

nature of vehlcle envlnes is %o reduce the work of compression

to a minimum, thereby maklng it easier to start the engine,
whether by hand, cpmpressed air or electric motor.- In opposi-
tion to this, however, is the need of a high compression tem-
perature for shortening the ignition delay and guaranteeing the-:
ignition in & cold engine and at a low temperature of the in-
flowing air. The compression temperature must, of course, al-
ways be higher than the ignition temperature. For the correct
adjustment of the former, it is therefore necessary to knoﬁ
the exact ignition temperature of the fuel to be used. Till
very recently, the ignition point was restricted to the temper—
ature at which self-ignition occurs in a uniform current of
alr or oxygen. Probably the most accurate values obtained by
this method are the ones-given in Table IV, as determined by
Otto 41%, with the Krupp ignition-point tester (see N.A.C.A.
Technical Memorandum No. 2381, - Combustion of Liquid Fuels in -

Diesel Engine).
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. O . N A . . .
on neints (°C) in ignition-point tester and in engine.

Fuel oil

In oxygen

In oxvgen

stream in!In engine| Hydro- stream in | In engine
V. A carbon Vs A
A crucible crucible
Gasoline, 255 385 Hexane 283 383
. ’ : 232 333
Kerosene {~ 270-279 | 369-378
Gas oil 275 350 » Paraffin 246 340
Mexican ‘ .
fuel oil 876 375
Paraffin
0il 240 332
- Llght tar 326 434 Phenol 590 744
Naphfhalene A N Naphtha-
0il 175 610 lene 557 705
Anthracene 425 550 - Anthra- 493 830
0il cene
0il - ’
Benzol 570 723
: ' Toluol 563 713
Vertical- 465 597 ‘
furnace Xylol 530 647
tar )
Cymol 445 574

The ignition temperatures given for the engine are all

" ptobably too high, for the following reasons. All previous in-

vestigations of the self-ignition temperatures are inadeguate

because they were based on the assumption that the ignition
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point is a simple conception. The investigations by Tauss and'
Schulte* demonstrated, however, that the same 0il has differ-
ent ignition points at different pressures and that these igni-
tion ooihts beconme lower with increésing DITEessure (that‘is,
with increasing air density). In Fig. 85 the ignition points
of several fuels are plotted against the pressures.  According
_ ﬁo'the above-tentioned investigations, the assumption that the
ignition temperature in the engine is about 100°C higher than
in the open ignition-vnoint tester can not ve maintained. The
question as to whether the ignitioh voint 1s affected by the
greater relative velocity between the air and fuel drops in
the combustion ohamﬁer of the engine still requires experimen-
tal elucidation. It is possible that the increased transfer- .
ence of heat from the air to the fuel drops not only shortens
the time required for ignition, but also lowers the ignition
temperature itself. In any case, however, the compression tem-
perature must, on account of the ignition delay, be about 50°C
higher than the experimentally found ignition points of the
fuels. The lowering of the compression temperature, due to
leaks (piston play in cold engine), must be accounted for by
.a supplementary calculation.
| On the basis of these assumptions, we can pass to the cal-

culation of the compression pressure, whereby it must be borne

*"Uegber cen Zﬁndpuﬂkt und Vervrenmingsvorgang im Dieselmotor."”
Mitteil. Chem. Ins%., Techn. Hochschule, Karlsruhe, No.3, 1934.
See also N.A.C+.A+ Tgchnical Hemorandum No. 299.
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in mind that a vehicle engine should be able to function under

the most unfavorable conditions: If we assume that in vinter

1t 4ust bn able to start at an air temoeroture of 1OOC (14°F)

and 1f we adopt. 300°C (i.e., the mean value between the ignition'
temoeratures of Alt and of Tauss and Schulte) as the lower limit
for the ignition temperature of gas oil, we then have, on the

assumption of adiabatic compression,

1_ '__ .m
m .

128 iz P, - (8)
If m= 1.3 1is chosen as the .exponent of fhe compression and
R, = 0.95 atm. as the initial pressure (for engines up to about
1200 R.P.}.), we have p, = 38 atmospheres.

If we consider that the compression line approaches the
igsotherm at low revolution speeds, due to the cooling effect of
the cylinder walls, and that, above all, the unavoidable pistoﬁ
leaks, which are moré unfavorable in the small bores of venicle
than in larger engines, still further reduce the final compres-
sion pressure, we will not then be inclined to go below the
calculated value. If; however, this generally happens, 1t can

only ve made possible by not requiring the engine to start at

.such lgwvextcrnal.tompératuresgwithoutwsome=special auxiliary

device and by limiting ourselves to celculating with air tempor-
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atures of at least 10°C (80°F). At lower temperatures, therc-

-fore; the combustion air must be previocusly heated by electric-

ity, or the start must be made with the aid of an igaition
cartridge or easily inflammable papaffin oils. The great effect
of oreviously heating the air isréhg%n by. the calculation, which,
at an inflowing-air temperature of 0°C (339F) under the same
conditions as above, gives a final compression pressure of 24.9
atm., or 20.7 atm. at 10°C (509F).

In the warm running condition of the engine, the inflow
temperatures of the air increase greatly and reach 80-90°C

at full load. In most cases a2 final compression vressure of

25 atm. 1s regarded as sufficient to assure the starting of

.the engine without any special auxiliary device. We can go to

this extieme 1imit, because the cooling effect of the injec-
tion air is eliminated. At the small safety factor, the great-
est possible tightness of the valves and pistons is a prereg-
uisité condition.

The further functioning, after compression, depends en-
tirely on the method of introducing the fuel. The pressure
line of the indicator diagram will ascend, move horizonfally,
or descend, according to the timing and duration of the injec-

tion. Its shape is therefore chiefly determined by the nature

R = L S P

of the nozzle or by the pump—préssufe diagfam. 'if the fuel is
injected very quickly at about 40-25° before the upper dead

center, there is an explosion similar to the one in a carburetor
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engine, as ehown by the poipted indicator diagrams. Injection
at 235-37° before the,de@d center produces, on the other hand,
accordine to Heidelberg, a‘constant—preesure.combustion. If
the mean pressure is not allowed to fall below 5.5 atm., the
usual value for modern carburetor engines (a necessary condi-
tion for vehicle engines, due to spatial considerations), max—
imum pressures of about 80 atm. are produced in a purely ex—
plosive functioning. ©Such a pressure increase is impossible,
however, due to the great stressing of the working parts and
the consequent necessarv increase in their weight. A.constant—‘
pressure combustion, similar to that obtained by air injection,
is indeed easily attainable in compressorless Diesel engines,
but experiments have demonstrated that this form of the combus-
tion line is neither practical nor economical. The slight ig-
nition delay, unavoidable in airless injection, can best be ac-
counted for by a short constant-volume combustion, followed by
constant-pressure combustion (Fig. 238). This kind of mixed

combustion, which occurs chiefly in engines with mechanical

'injeotion, produces a maximum vressure of 45-50 atm., on the

assumption of a mean electric pressure of about 5.5 atm., and

’

a compression of 35 atm.

The ma.x irmum vpressure of the worklng diagram therefore de-

termlnes the 81ze of the conneotlnp rods, while the dimensions

of the crank shaft are determined by the tangential-pressure

diagram. "In a comnecting rod of circular cross section, the
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diameter of the rod isg proportidnal.to the sduare of the maxi-
mum pressure and its weight is directly proportional to the
Vpressure , These values throw some 11ght on ‘the welght rela*'
tions of a Diesel vehicle engine in comparison with a carbu-
retor engine and partially determine its strucfure. In com-
parison with an ordinary motor-truck engine with a final com-
pression pressure of 5;5 atm., and a maximum combustionvbres-
sure of about 27 atm., we obtain, with a Diesel.engine aof 1ike
mean voressure and like revolution speed, an increase of about
60% in the Weight'of the connecting rods and of about 35% for
the crank shaft. Dr. W. Riehm in his lecture on "High—Speea
Diesel Engines for Vehicles, w” delivered before the Association
of German Engineers at Augsburg, in 1935, gives considerably
smaller values for the increase in the weight of these parts.
His assumption that the diameter of the connecting rods (having
a perfectly round cross section) should be proportional to the
fourth root of the maximum pressure, 1is based, however, simply
on their resistance to buckling and not on their admissible
oompressive stress. In the dimensioning of the other engine
parts, the increesing of the combustion pressure does not neces-
sitate so great weight‘increases, because the pistons, cylin-
ders, crank cases, etc., have more than sufficient strength,
for reasons vertaining to}the-c&sting-and,finishing._ The fuel

pumps, which take the place of the magnetos and carburetors,

*"Schne11aufende Dieselmotoren fur Fahrzeuge, " ~published in
"v.D.I.," Aurust 29, 1925, pp. 1135-1131.
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are about twice as heavy as those parts, so that, all in all,
a Diesel engine weighs 50—35% more than a caiburetor engine of
“the Samewpower and revolution speed.

There is hardly anything to be said on the structure of
vehicle Diesel engines, since it is fully based on modern car-
buretor engines. Of course the different operating conditions
necessitate correspoﬁding modifications in the various engine
parts. . Since the reliability of the ignition depends largely
on the final compression pressure, muoh'attentioﬁ should be
given to making the valves and piston as tight as possible.
While the former can be protected from harmful heat stresses
by the use of suitable material and by cooling the valve seats,
the piston, in addition to stronger dimensionihg of the piston
head and piston pin, can be made longer and be provided with
a greester nmumber of rings. The use of light-metal pistons is
not desirable, at least so long as there 1s no Barmful heat
accumulqtion with cast-iron pistons. The piston play, which
must be rather large with aluminum, on account of the high
.coefficient of heat expansion, expresses itself, in a éold en—
gine, in leaks which may impair the starting ability. Moreover,
the larger dimensioning of the piston pin and the avoidanecc of -
inadmissible surface vressures in the piston-»in bearings in;

- volve certain structural. difficulties.
The fect that, due to irregularities in the pump, faulty

atomization, etc., misfires occur and that subsequently the.
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the combustion of greater quantitiés of fuel with excessive
;f'-pressure'increase can follow;'raises the question of »roviding
| a safety valve for every cjlinder. Zntirely asidebfrom the
fact, however, that there is seldom room enough for such a
valve in the cylinder cover, I believe that the danger of a
sudden strong pressure increase,. which could be disastrous for
ﬁ; the engine, should not he over-rated, because the condensed,.
kv unburned fuel in the cylinder WOgld be only slightly consumed

l# in a subsequent ignition, while most of it would vass unburned

into thé exhaust.

‘

Mt ’ The imopossibility of cranking the engine against the full
% compression wressure necessitates the use of reduction gearing.
1

E? It is wenerally customary to raise the starting valve eilther

i by a spoecial lever or, better, by the axial shifting of a cam
shaft orovided with auxiiiary cams. If these auxiliary cams
are conical, the valves in starting can be partially or com-
pletely opensd at will. The energy stored up in the flywheel
in starting‘uﬁder diminished pressure then facilitates throw-
ing the engine into gear against the full compression pres-
sure. The compressed-air méthod of starting, custowary with
.stationary engines, can at most be used only on such motor
nghic;gs &g -carry qompressed—air cylinders for special reasons,

such as for air brakes and gear shifting. Since an electric

generator is essential ¢on a modern motor vehicle, the engine
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ig oenerally started by a rather large starting motor. Pro-
vision must also be made for starting by hand in an emergen—

cy. (To be followed by Part III.)

v
g
i

Translation by Dwight M. Miner,
National Advisory Oommlttee
for Aeronautlcs.
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meézle>ﬁith 3 noles of O.5mm diameter.
{ Jet angle 920°.

e ——-Tozzle with 1 hole of 2mn diameter.
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s O -

Fig.18 Airflow directors and fuel jets in the M.A.N. statioh—
ary Diesel engine. ]
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1 Paraffiné 3 Gas oil 6 Cylinder oil
' 4 Lubricating oil
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Fig.35 Ignition temperaturss plottsd against pressures.
(Tauss and Schulte)

Atmospheres

Fig.236 Yormal indicator diagram of an airless-injection
Diesel engine.
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Plate I (Air injection). CombressionfpreSSure,so atm.

a pe =175 af b)) , pe=#5at
) dm = 4,37 ¢ > dm=13,75 ¢

’ ’ O)A ) Lo ' : f)‘ pe = 150 at
‘ dm =45 . dm =1375 p
Cow-milk cream Airless injection with

dispersing nozzle.




- Plate II (Airless 1njection).ﬂ00mpreseion-pressure,so'Atm.

= 300 h Pe = 250 at
g) e at o ) o dm=1375.¢

3 pe = 200 at } J) ipeﬁ'-ﬁo at
7 'Y idm= 2625 p

pe = 100 at
k ) dm == 33,75 1

‘H.A.G.A. Technical Memorandum No.403 Plate

II
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